the bacterium (Yan and Spudich, 1991). The structurally established facts about SRI include the fact that its chromo- The structure has been solved to 3.5 Å (in plane) by electron homologous bacteriorhodopsin (BR). The modeling procryomicroscopy (Henderson et al., 1990), numerous mutation cedure includes sequence alignment, a side chain rotamer experiments have been performed and the mechanism of its search and simulated annealing by restricted molecular activity is understood to a significant level of detail (Krebs dynamics. The structure is in general agreement with and Khorana, 1993; Lanyi, 1995). This is not surprising previous results from mutagenesis experiments, chromobecause BR was the first member discovered among the phore substitution and room and cryogenic temperature homologous family of bacterial rhodopsins that includes SRI spectroscopy. In particular, a residue near the β-ionone and BR occurs in a crystalline lattice in the cell membrane ring of the retinylidene chromophore is found to be critical (Soppa et al., 1993; Mukohata, 1994; Spudich et al., 1995). in maintaining the proper isomeric conformation of the The experience gained from BR benefits the other members. chromophore; a layer of residues lying on the cytoplasmic
proton during the photocycle. More specifically, SR 587 has an A structural model is constructed for the integral all-trans chromophore and a protonated Schiff base, while S 373 membrane protein, sensory rhodopsin I (SRI), the has a 13-cis chromophore and an unprotonated Schiff base. In phototaxis receptor of the archaeon Halobacterium comparison, BR is a much better studied membrane protein.
salinarium. The model is built on the template of the
The structure has been solved to 3.5 Å (in plane) by electron homologous bacteriorhodopsin (BR). The modeling procryomicroscopy (Henderson et al., 1990) , numerous mutation cedure includes sequence alignment, a side chain rotamer experiments have been performed and the mechanism of its search and simulated annealing by restricted molecular activity is understood to a significant level of detail (Krebs dynamics. The structure is in general agreement with and Khorana, 1993; Lanyi, 1995) . This is not surprising previous results from mutagenesis experiments, chromobecause BR was the first member discovered among the phore substitution and room and cryogenic temperature homologous family of bacterial rhodopsins that includes SRI spectroscopy. In particular, a residue near the β-ionone and BR occurs in a crystalline lattice in the cell membrane ring of the retinylidene chromophore is found to be critical (Soppa et al., 1993; Mukohata, 1994; Spudich et al., 1995) . in maintaining the proper isomeric conformation of the The experience gained from BR benefits the other members. chromophore; a layer of residues lying on the cytoplasmic
The application of mutagenesis to SRI is commencing and a side of the chromophore pocket is found to modulate the recent finding that the Schiff base protons of SRI and BR restraints around the C 13 region of the chromophore, must interact with counterions differently is promising: in BR affecting the isomerizations around its 13ϭ14 bond that the counterion is aspartate D85, while in SRI the corresponding are important to the protein's activity. The restraints in D76 is protonated and thus neutral (Rath et al., 1994) . The these regions are more stringent in SRI than in BR. The structure of SRI is yet to be solved; in the transition a tightened restraints are chiefly due to van der Waals theoretical model can play a surrogate role. However, in a interactions, where the attractive and repulsive components particular area of research of structure-activity relationships play separable roles. Aromatic residues account for a taken from chromophore analogs, the knowledge obtained for majority of the restrictive interactions. It is hypothesized SRI is comparable in extent and depth to that for BR. The that the enhanced barriers due to these restrictions regulate technique is to replace various parts of the retinal so that the progress of SRI's photocycle, so that it can couple with selected regions of the chromophore pocket can be probed, the phototaxis reaction chain in the bacterium. A possibility albeit indirectly. Feedback is obtained from the alteration of is also suggested that conformational changes of the protein SRI properties such as its retinal binding ability and the activity provide the signal recognized by the transducer.
of the resulting pigment. Using this technique, it has been Keywords: membrane/modeling/rhodopsin/sensory/structure shown that the chromophore pockets of SRI and BR are similar in general, although subtle but important differences exist. Tighter restraints are found around two parts of the retinal, the β-ionone ring and the 13-methyl, in SRI compared to BR.
Introduction
It will advance the understanding of the activity of both rhodopsins if the residues responsible for the restraints are Sensory rhodopsin I (SRI) is an integral membrane protein in identified (Yan et al., 1991; Spudich, 1993) . A 3-D model of the cell membrane of the archaeon Halobacterium salinarium SRI can help achieve this goal. [for reviews, see Spudich (1993) and Spudich et al. (1995) ].
BR makes a natural template for SRI modeling. The two It functions as a light sensor. After being excited by a photon, proteins are originated from the same bacterium, located in SRI cycles through thermally decaying intermediates, returning the same cell membrane and undergo photocycles that mirror to the ground state in seconds. During the photocycle signals each other (Bogomolni and Spudich, 1987) . SRI and BR bear are emitted from SRI, intercepted by a transducer protein, HtrI significant sequence homology (Blanck et al., 1989) . Overall, and eventually led to the phototaxis of the bacterium after a the sequence identity is 26%. This might be borderline for chain of signal relay steps. In the unphotolyzed state (SR 587 ), modeling soluble proteins (S ali, 1995) . However, it is sub-SRI absorbs the orange light that attracts the bacterium towards stantially more reliable to model the transmembrane (TM) the light source, where the organism is energized with light domain of SRI. Supporting this idea are the nearly identical energy harvested by a homologous membrane protein, the hydropathy profiles of the two proteins-barring the differences light-driven proton pump bacteriorhodopsin (BR). A long life in interhelical loop lengths-that indicate they share very (~750 ms) intermediate of SRI, S 373 , is the attractant signaling state; it is also the receptor of harmful UV light, which repels similar helical segments (Figure 1 ). In the interior of the TM that accounts for tightened constraints. All of these features are likely to have an impact on the activity of SRI.
Methods
The coordinates of BR were obtained from the Protein Data Bank (PDB) entry 1brd (Henderson et al., 1990) . They include those of the seven TM helices (note that the reference paper differs in the helix boundaries to the data file). The C-terminal residues were stripped from the helices because they had only one atom defined. The resulting 170 residue TM domain of BR served as the template for SRI modeling. The corresponding SRI sequence was composed according to the alignment suggested by Henderson et al. (1990) . The alignment was verified using the BESTFIT program (in GCG v.8, Genetics Computer Group, Madison, WI, USA). Before being submitted to BESTFIT, the sequences were inserted with loop residues between the helices, that were given the type 'unknown'. The penalties were set to 3.5 and 0.1 for the gap creation and extension respectively. If the BESTFIT comparison value calculated for a pair of residues was ജ0.5, the pair was regarded as similar. The resulting alignment is shown in (Engelman et al., 1986) . Figure 2A .
The construction of the SRI structure started with copying all of the backbone atoms from BR, as well as the retinal and domain, the homology between SRI and BR rises to~60%. The chromophore pocket is even more homologous, sharing its linkage lysine. The side chains that best fit the framework were then generated by a simultaneous conformer search in a 81% of the residues between the two rhodopsins. Among them, all of the 18 residues that are known or expected to rotamer library, using automatic tools in the Biopolymer module of InsightII (v.95.0, Molecular Simulations Inc., San sandwich the chromophore are identical (Figure 2 ; see also Spudich, 1993) . The results of analog experiments reinforce Diego, CA, USA). A few side chains along helix E were reoriented using the manual option provided to close a gaping the similarity in the SRI and BR retinal-binding pockets (Yan et al., 1991) . A seven-helix framework, a conserved hole that exposed part of the β-ionone ring of the retinal. This intial structure was refined by energy minimization (ME) and chromophore pocket spanning the midsection and many similar interhelical interactions due to identical and similar residues molecular dynamics (MD), using the program CHARMM (Brooks et al., 1983) . The simulations were performed in ensure the similarity of the TM domain between SRI and BR. Furthermore, in some conditions SRI has been shown vacuo, with a dielectric constant of 4. The atomic and force parameters were adopted from QUANTA for the polypeptide to function as a light-driven proton pump with a BR-like mechanism (Bogomolni et al., 1994; Spudich, 1994) . There-(v.4.1, Molecular Simulation Inc., San Diego, CA, USA) and from Schulten and colleagues for the chromophore (Zhou fore, the modeling of the TM domain of SRI based on BR is an exercise with a relatively high level of confidence. et al., 1993; Humphrey et al., 1994) . The structure refinement followed the procedure below. Interestingly, we note that modeling G-protein-coupled receptors, which are predicted to have a seven-helix TM domain, (i) Adding hydrogens, assuming that the Schiff base nitrogen was protonated and that all of the ionizable amino acids on the basis of BR has become popular in recent years in spite of the practically nil sequence homology (e.g. Roper (arginines, lysines, aspartic acids and glutamic acids) were not ionized except for D201, for which a net negative charge was et al., 1995) .
In the following we present the modeling procedure for SRI given to balance the positive charge on the Schiff base proton.
(ii) Removing bad contacts by 100 step steepest descents ME, and discuss the general and some detailed features of the resulting model and the implications of these features for the followed by 1000 step conjugated gradients ME.
(iii) Performing MD at 600 K for 10 ps and selecting a local activity of SRI. Briefly, the modeling comprises three major steps: sequence alignment, side chain generation and structure minimum structure near the end of the trajectory to optimize by 1000 step conjugated gradients ME. refinement. The health of the model is evaluated in terms of the energetic and conformational integrity. These tasks have (iv) Repeating the above step at a temperature 100 degrees lower, to 300 K. been completed using commonly accepted tools. A primary inspection of the model, with consideration of several outstandDuring MD, all the bonds were fixed at default lengths by the SHAKE algorithm, to allow for the 1 fs time step. ing differences between SRI and BR known from experiments, leads to the identification of the relevant structural components.
Without constraints the structure would have been destined to denaturation, because the ME and MD simulations were From those observations, we suggest that a residue near the β-ionone ring of the retinal is responsible, at least partially, not conducted under native conditions in the presence of interhelical loops, a lipid bilayer, solution, etc. We placed for SRI's lack of dark-adaptation and lesser tolerance towards shortening retinal analogs. The relevant mechanism we propose a harmonic force field around the skeleton atoms of the chromophore, with a force constant of 5 kcal/mol.Å 2 , to also unravels the mystery of a profound point mutation effect observed earlier on BR (Greenhalgh et al., 1993) . In the C 13 provide a relatively stable core around which the polypeptide could evolve. The backbone φ, ψ and ω dihedral angles were region, we suggest that it is a consortium of residual changes on the cytoplasmic side of the chromophore pocket in SRI constrained, with a force constant of 1000 kcal/mol/degree 2
Fig. 2. (A)
The aligned sequences of BR and SRI; the A-G helical segments are delimited by frames and labeled with their spans in the two proteins. The pocket residues are also placed in frames. An asterisk marks the residue to which the retinal is covalently linked. (B) The projection of helices on the membrane, as viewed from within the cell, is shown schematically. In the diagram the arrowheads indicate the N-and C-termini, bold circles indicate the pocket residues and dissimilar residues are shown as ordered pairs with BR first and SRI second. The retinal, on which the skeleton carbon atoms (numbers) and the Schiff base nitrogen and proton (ϩHN) are labeled, is also shown. In both (A) and (B), the internal residues are shaded; similar, identical and other residues are coded differently with capital, bold capital and lower case letters respectively.
initially, which was gradually reduced to 30, to maintain the Results integrity of the individual helices. The polypeptide backbone
Sequence homology atoms were also subject to harmonic forces during a span of BESTFIT reproduced the sequence alignment previously prothe refinement, from the first to the last MD runs, with force posed by Henderson et al. (1990) in the TM domain between constants diminishing from 5 to 1 kcal/mol.Å 2 , to prevent the BR and SRI, with the exception that it excluded the first four helix bundle from disintegration at higher temperatures. This and the last one residues from the aligned sequences. An latter constraint was removed from the last ME.
alternative alignment (Soppa et al., 1993) , which maps the The conformation of the final SRI model was analyzed by SRI sequence onto helix A one residue earlier than Henderson the program PROCHECK (v3.4; Laskowski et al., 1993 Laskowski et al., ). et al.'s (1990 was also examined. Within a wide selection of Energy evaluations for both SRI and BR were performed using gap penalties, BESTFIT could only reproduce the alignment CHARMM. The hydrogen bonds were probed with QUANTA.
of helix A in its second half. Therefore we adopted Henderson The formal amino acid volumes were adopted from Harpaz et al.'s (1990) alignment for the modeling. et al. (1994) . To be compared at the same level, the BR With the alignment, the 170 residue TM domain features structure (1brd) was added with hydrogens and a few missing 29% identity and 55% similarity (identity included) between side chain heavy atoms and minimized with 100 step steepest BR and SRI. For the 21 residues lining the retinal pocket in descents plus 1000 step conjugated gradients ME, while subject BR (Henderson et al., 1990) , the identity and similarity are to constraints similar to those initially applied to SRI. An 81 and 95% respectively. All of the residues that sandwich alternative BR structure (PDB entry 1bac; Chou et al., 1992) the length of the retinal are identical. One similar replacement already optimized from 1brd was added with hydrogens and occurs at each longitudinal end of the pocket. The only the missing side chain heavy atoms, without being further dissimilar pair of pocket residues, H135 of SRI and M145 of BR, is located near the β-ionone ring of the retinal. Among optimized except for the added atoms. For suitable comparthe 45 residues internal to the TM domain (recognized by their isons, the SRI model has been moved so that the backbone side chains being largely buried inside the helical bundle)-C α atoms and the chromophore skeleton atoms are superimincluding all the pocket residues-the identity is 58% and the posed with those of BR, achieving a minimum root mean similarity is 82%. In the known BR structure, these internal square deviation (r.m.s.d.).
residues wrap around the chromophore with a decreasing For convenience, single-letter codes will be used to similarity, more identical inside and more dissimilar on the name specific amino acid residues. Mutation notation will periphery ( Figure 3 ). The distribution strongly supports the be frequently used to show simultaneously both types of a idea that SRI and BR share a conserved core structure. non-identical residue in the two proteins, e.g. H135M. In such expressions the leading type and sequence number are Energetic and geometric integrity those of the subject protein recognizable in the context. For
The electrostatic, van der Waals (vdw), bonding, angular, example, SRI residue H135M corresponds to BR residue dihedral, improper dihedral and total potential energies evalu-M145H. When protein atoms are named, they follow the ated for the SRI model are Ϫ1722, Ϫ1425, 34, 276, 358, IUPAC-IUB convention. The carbon atoms of the retinal are 12 and Ϫ2467 kcal/mol respectively. In comparison, the numbered as shown in Figure 2B . The cytoplasmic side of corresponding energy values calculated from Henderson et al.'s SRI will often be referred to as the 'top' side, as is the way (1990) BR structure are Ϫ1512, Ϫ1371, 40, 303, 430, 15 and the relevant diagrams are drawn.
Ϫ2095 kcal/mol. The energetics do not suggest any peculiarity The structural diagrams were generated using MOLSCRIPT in the SRI model. As a reference, corresponding energies of Ϫ1219, Ϫ1235, 172, 277, 529, 5 and Ϫ1470 kcal/mol were (Kraulis, 1991). obtained for an alternative BR structure [the structure was can be saved; however, no further action is taken because by nature the model is approximate. A single residue, Y87, is optimized from Henderson et al.'s (1996) by Chou et al. (1992) ; the two differ in their non-hydrogen atom positions found to have a χ 1 dihedral angle at 121.5°, midway between the optimal trans and gauche values. The BR counterpart of by 1.6 Å r.m.s.d.].
PROCHECK compares the geometry of a protein structure, this residue is D96, which is pivotal to BR's proton uptake. The χ 1 torsion of Y87 may call for further refinement; however, i.e. the bond lengths, bond angles, dihedral angles, planarity of peptides and side chain rings, etc., against their distributions it remains a possibility that the residue is in fact under stress in the native state of SRI. in a set of selected protein crystallographic structures and outputs an elaborate report of appraisal (Laskowski et al., In comparison, Henderson et al.'s (1990) BR structure, after the optimization described in the Methods, shows geometric 1993). For the SRI model, an overwhelming majority of the appraised properties lie in favorable regions. They include characteristics similar to those of the SRI model, including the systematic shifts of the bond angle distributions. It contains complete sets of bond lengths, φ-ψ and χ 1 -χ 2 plots and an assortment of average main chain and side chain properties. a significant χ 1 -χ 2 deviation at D85, the counterion of the Schiff base. Two aromatic residues also show significant χ 1 -Some discrepancies are found in the bond angles, χ 1 angles and the planarity of the aromatic rings. In a few types of bond χ 2 deviations and another one a 0.041 Å deviation from the ring planarity. There are 15 poor χ 1 angles and one residue of angles slight, systematic shifts from background distributions are discernible; they are likely due to the equilibrium values poor chirality. As a reference, Chou et al.'s (1992) alternative BR structure is also generally similar in its geometric properadopted by CHARMM which are different from the statistical means compiled by PROCHECK. Two of the 32 aromatic ties; it has wider spreads in the φ-ψ angles and narrower spreads in the bond angles, a significant χ 1 -χ 2 deviation, seven residues, W23 and Y52, have rings deviating from the planarity by 0.042 and 0.040 Å respectively, greater than the~0.03 Å poor χ 1 angles, 16 poor backbone ω dihedral angles and no side chain planarity violation. warning mark prescribed by PROCHECK. We believe these Fig. 4 . The SRI model (rainbow color for the helical C α traces and grey for the chromophore and residues of interest) is superimposed on the BR structure (black). The residues are numbered according to the SRI sequence. The side chains displayed in the top stereo diagram include Y87D and prolines. The SRI prolines not near helical termini are labeled. In the bottom diagram, V19G, W23F, L41T, I44V, Y87D, Y208F and V209G are displayed, which are the volume-increasing residues that fill the voids in the midst of helices A, B, C and G. The top diagram is viewed from a direction slightly different to that of Figure 3 . The bottom diagram is viewed from the cytoplasmic side.
Therefore, the energetic and geometric examinations indicate (Xu et al., 1995) , must be excluded by the residues listed above. Generally, mutations from BR to SRI tend to be that the SRI model is as good as comparable structures.
volume increasing on the cytoplasmic side and decreasing General shape of the TM bundle on the other ( Figure 5 ). The aromatic residues are more The SRI model maintains a seven-helix bundle closely numerous on the cytoplasmic side of SRI, particularly in resembling that of BR. Their C α atom r.m.s.d. is~1 Å. A helices G and C, in contrast to BR (Figure 6 ). few additional mid-helix prolines in SRI cause slightly Polar environments in the interior of the TM bundle greater bending in helices B and G. Helix C also bends more prominently around P82, apparently assisted by the Like the helices of BR, those of SRI are amphiphilic, with more hydrophilic residues facing inward ( Figure 2 ). SRI strain on residue Y87D, which has a deviant χ 1 angle. These bendings leave more space in the midst of helices has four internal ionizable residues, each with a BR equivalent. Among them, neither D106 of SRI nor its A, B, C and G on their cytoplasmic side than in BR. The more sizeable SRI residues reside in this space, including counterpart D115 of BR are close to any other ionizable groups. From experiments the latter is known to be neutral. V19G, W23F, L41T, I44V, Y87D, Y208F and V209G (Figure 4) . Voids in this part of BR are therefore partially Both D76 and D201 of SRI and their BR counterparts D85 and D212 are close to the Schiff base proton. The charge clogged by larger internal residues in SRI. In particular, some of the water molecules that are possibly buried states of these aspartic acids have been experimentally determined except for D201. The latter is the only possible alongside helix G, which participate in the activity of BR chromophore, a BR hydrogen bond between helices D and E is broken by the mutation T121V. Another hydrogen bond between a pair of identical residues also disappears, although the pair remains close in SRI. These changes may affect how the chromophore fits into the binding pocket. In addition, due to mutations, a BR hydrogen bond near the extracellular surface is replaced in SRI by one near the cytoplasmic surface, both between helices C and G. The difference may affect the rhodopsins' capacity of proton transportation.
There are mutations occurring in halobacterial strains different from H.salinarium, affecting some of the residues mentioned above in both BR and SRI. However, the polarity of the mutated residues is conserved (Soppa et al., 1993; Mukohata, 1994) . Structure around the chromophore pocket Twenty of the 21 pocket residues are either identical or similar is in contact with the chromophore β-ionone ring, hanging over the latter on the cytoplasmic side. It joins the identical pocket residues M109 and P175 to clip the upper part of the residual counterion of the Schiff base in SRI. All these residues have been given corresponding charges. There is ring. In SRI, the imidazole group of H135 is sandwiched between helices E and F and is barely in position to make another internal ionizable residue in SRI, R73, whose counterpart in BR is R82. As argued for the latter (Bashford contact with the β-ionone ring. In contrast, the side chain of the corresponding M145 of BR is inserted between helices D and Gerwert, 1992), without an accompanying counter charge this residue must be neutral and oriented away from the and F, in extensive contact with this end of the chromophore. As a result, the 'clip' is approximately in plane with helices Schiff base. The remaining internal BR aspartic acid, D96, is mutated to a neutral Y87 in SRI.
D and F in BR, whereas it recedes towards helix E in SRI. Next to H135M there is the conserved W171 in contact Between the helices, there are five and six hydrogen bonds for BR and SRI respectively, as detected by QUANTA with the 9-and 13-methyls of the chromophore. W171 appears to press down on the chromophore further than its counterpart (Table I) . In both proteins, multiple hydrogen bonds are found around the Schiff base, among helices B, F and G.
in BR, skewing the retinal's polyene plane~20°, although there is no evidence of stress on either the residue or the The helix C residue D85 of BR is known to interact with the Schiff base proton, but at 4.06 Å it is not included in chromophore (Figure 8 ). The polyene plane in BR is parallel to the membrane normal. The skewing may affect how the the hydrogen bonding list. Its SRI counterpart D76, however, sways away to hydrogen bond with a helix A carbonyl.
Schiff base couples with a counterion. F139L appears to be chiefly responsible for the downward shift of W171, whose Replacing it is D201 which is the center of a hydrogen bond network connecting helices B, F and G. A nearby BR counterpart, L149, is one of the two residues located on top of the tryptophan (the other is T178). The phenylalanine residue, W77, has closed in to join the network and so does helix C. This hydrogen bonding pattern agrees with is evidently bulkier and less flexible than the leucine. They are each conserved individually among all of the known the notion that D201 is the Schiff base counterion in SRI (Olson et al. 1995) . Near the β-ionone ring end of the halobacterial strains. Two other non-identical residues appear In the two aligned, upper rows the hydrogen bonds that are conserved between BR and SRI are shown; the others are not. a Corresponding to the BR hydrogen bond on the left, a reference SRI atom pair is included in parentheses, which QUANTA does not recognize as being hydrogen bonded.
Fig. 7.
The stereo diagram shows the three SRI residues clipping the upper part of the chromophore β-ionone ring. H135M is highlighted with bolder strokes, which is accompanied with the corresponding BR residue M145, in thinner strokes. The other two SRI residues are shown in light grey. The chromophore (grey) and helices D, E and F (ribbons) of SRI are also shown. All of the side chain hydrogens are displayed. The structures are viewed from a direction slightly different to that of Figure 3 . Fig. 8 . The stereo diagram shows the structure around W171 of SRI, including three other residues (bolder strokes) and the part of the chromophore from C 10 to the Schiff base (ball and stick representation). Two residues overlapping due to projection are distinguished by different degrees of greyness. The corresponding BR components are also shown in thinner strokes. All of the side chain hydrogens are displayed. The diagram is viewed from the β-ionone ring end of the chromophore. to assist in the displacement of W171. One of them is the retinal could still bind to BR to form inactive pigments; L138, located above W171; however, its BR counterpart, the less another and no pigment could be made. In similar β-branching I148, can hook around the edge of the tryptophan, experiments Yan et al. (1993) have showed that all five of the allowing an upward tilt of the latter. The other assisting SRI ethylenic bonds are required for a functional SRI, although, residue, I167, has sufficient room to manoeuvre rather freely similarly, up to two less are allowed for pigment formation. and, thus, is not necessary for participating in repelling W171.
They also showed that the chromophore can be without the However, it must stabilize W171 by attractive interactions, half of the ring that does not extend the polyene. Another touching the tryptophan more extensively than its BR counterimportant finding concerns the effect of 13-substituents. Methyl part, T178, does. It should be noted that these assisting residues is the native substituent at C 13 . By replacing it with ethyl, the are not conserved in all halobacterial strains, although the formation of the SRI pigment slows 150-fold, whereas BR is variations never leave a residue smaller or more flexible in not affected; with a hydrogen as the substituent, the SRI SRI than in BR. As a result of the altered posture, W171 pigment not only forms slowly but also loses activity, while clamps the 13-methyl of the chromophore by both the NE1 the BR pigment forms 60 times slower yet remains active. It and CZ2 hydrogens, while in BR only NE1's makes a contact.
is therefore proposed that SRI has a retinal pocket that is more On top of the chromophore 13-methyl, there is an identical restrictive near the 5ϭ6 bond of the β-ionone ring and around leucine posing similarly in BR (L93) and in SRI (L84).
the 13-methyl. The proposal has gained support from spectral However, significant changes occur in its surroundings (Figure studies at room and cryogenic temperatures (Yan et al., 1991, 9) . The changes may be seen as trickling down from Y87D. 1993). However, the nature of the restriction remains elusive The added aromatic ring of the SRI residue competes for and so do the responsible agents. It is rather perplexing how interior space with its neighbors, L41T, Y208F, F211I and the highly homologous pocket makes this difference between F212L, which have all undergone volume increasing mutations.
BR and SRI. With the SRI model built, we can now point out As a result, Y208 rotates down to be side by side with L84.
the two most probable causes: the size and flexibility of the In this position Y208 partly fills the void existing above the pocket residue at position 135 (SRI sequence) and concerted chromophore and the identical pocket residue A204, near the mutations of the non-pocket residues that make a 'hard roof' linkage lysine. L84 is now encaged more completely by Y87D, on the cytoplasmic side of the pocket. In the course of I167T and Y208F than it is in BR. Consequently, the rotational interpreting their effect, we will be able to weave several freedoms of the leucine side chain become more limited. seemingly independent observations together, about both SRI Different bacterial strains do not change this pattern.
and BR.
We have seen that H135 of SRI and its BR counterpart Discussion M145 make contact with the retinal near the β-ionone ring differently, the former at the very end of the ring and the latter The ultimate test of a theoretical model is how it conforms to spanning two ethylenic bonds (Figure 7 ). The essence of the experimental data. Most of the structurally revealing informadifference is in the strength of the van der Waals interactions. tion comes from studies using chromophore analogs. One of
The interactions must provide attractive forces to stabilize the the earlier applications of the analog technique was performed binding of an extended, all-trans retinal. It is discernible that on BR, in which the β-ionone ring end of the retinal was shortening the retinal by one ethylenic bond (namely removing shortened progressively, until the protein was no longer active the entire ring) will deprive the retinal of contact with H135 (Zingoni et al., 1986) . It was concluded that for a functional in SRI, but for BR shortening by up to two ethylenic bonds BR, the retinal could be shortened by at most one ethylenic bond (out of a total of five: see Figure 2B ): less one more, can be tolerated. Shortened retinals can still be stabilized in SRI by the other two ring-clipping pocket residues, M109 and chromophore can rise by~2 Ϯ 1 Å, as measured between BR and its photointermediate M 412 by neutron diffraction P175. The latter two residues have been shown to be functionally significant for BR (Rothschild et al., 1990; Greenhalgh experiments (Hauss et al., 1994) . Another tightened area is found near the linkage lysine, a void in BR that is filled by et al., 1993) . It is possible, however, that in the absence of the β-ionone ring, H135 may be able to swing inward, Y208 in SRI. Although not directly interacting with the chromophore, Y208 can produce a barrier to the isomerization compensating partially for the loss of contact with the retinal. In either case, SRI is expected to show a weakened but not of the latter, provided that an obstacle-free space is used for the maneuver of the retinal and/or the linkage lysine. This completely lost binding ability with these retinal analogs.
The above interpretation is consistent with the facts that barrier can then be a factor contributing to SRI's inability to bind 13-cis retinal and to form 13,15-di-cis isomers thermally. SRI cannot bind a retinal in the 13-cis form and does not isomerize the retinal from the all-trans to 13,15-di-cis form That it will affect the photoisomerization of the chromophore and therefore the function of SRI is obvious. Finally, regarding thermally in the dark (Yan et al., 1991) : the isomerizations may also shorten the retinal, depriving it of the vulnerable the more compact areas in the SRI structure, we emphasize that there is no evidence of strain except for Y87, whose χ 1 contacts at the ring (other contributions will be discussed below). In contrast, BR binds 13-cis retinal as readily as allangle is deviant. A strain-free ground state SRI structure agrees with the experimental observation from temperature-dependent trans retinal and has a trans : cis retinal ratio of 1 : 2 in the dark. Apparently, the linear, flexible M145 is able to follow flash photolysis, that the photoreaction of SR 587 remains barrier free until the temperature drops below 220 K, where the pocket the varying retinal isomers, maintaining stabilizing contacts. A line of evidence from site-directed mutagenesis supports probably becomes too collapsed (Yan et al., 1993) . The attractive interactions around C 13 must participate in this notion. M145 has been replaced by alanine, glutamic acid and phenylalanine. Glutamic acid is fairly comparable with maintaining the proper conformations of the chromophore. This can be deduced from BR experiments in which the contact methionine in geometry and the E145 mutant of BR shows a slightly increased trans : cis ratio of 2 : 3. On the contrary, parts are shortened. Replacing L93, the leucine on top of 13-methyl, by the smaller alanine or threonine slows BR more with a minimal side chain in A145, the ratio becomes 9 : 1, dominated by the all-trans form (Greenhalgh et al., 1993) .
than 100-fold from returning to the ground state from M 412 , in which the chromophore is 13-cis (Subramaniam et al., Phenylalanine is sizable but less flexible than methionine. The F145 mutation increases the dark trans : cis ratio for BR to 1991). On the other hand, removing the 13-methyl from the chromophore also slows the return by Ͼ100-fold (in addition, 3 : 1, with more retinal in the all-trans form than both M145 and E145 but less than A145. The F145 ratio is also observed the ground state BR becomes a mixture with only 15% alltrans chromophores; the rest are 13-cis) (Gärtner et al., 1983) . in the natural mutant, archaerhodopsin-2, a BR homolog found in a different strain of the halobacterium (Ihara et al., 1994) .
For SRI, the tightened pocket also allows repulsive interactions that affect the transitions between its various states. Among the known BR homologs there are also L145 mutants, whose behavior in dark adaptation has not been reported.
This can be deduced from the fact that SRI proceeds through the photocycle substantially slower than BR at every step For SRIs, histidine is the only known amino acid in the corresponding position (Soppa et al., 1993; Mukohata, 1994) .
of the thermal decay cascade, cumulating to an~100-fold retardation (Spudich and Bogomolni, 1988) . More can be said The experimental data so far available indicate that the longer and the more flexible the residue, the higher capacity it has to about the thermal barrier separating SRI and its primary photoproduct, in part owing to the different activities observed stabilize a 13-cis retinal. Now it becomes understandable why BR and SRI pigments containing the shortest retinals are not for 13-H BR and 13-H SRI. Photoexcitation drives native BR through a few intermediates to reach M 412 in a few tens functional. The activity of the rhodopsins requires all-trans to 13-cis isomerization during their photocycle, in which the β-of microseconds, the first state where significant protein conformational changes are known to occur (Lanyi, 1995) . ionone ring is known to be restricted approximately in place for BR (Hauss et al., 1994) . The marginal contact the shortest 13-H BR shows no difficulty going through this part of the photocycle (Gärtner et al., 1983) . For native SRI, the first all-trans retinals maintain at the ring end can be completely lost in the light-induced isomerization. With a histidine rather detectable photointermediate, S 610 , lasts for~100 ms, longer than it takes for BR to reach M 412 . Therefore there must be than a methionine at the ring end, SRI loses activity more easily than BR.
greater barriers for it either to proceed or to return to the ground state, SR 587 , via back reactions. For 13-H SRI, however, Summarizing the available experiments, a 'tight fit' has been used to characterize the environment around the C 13 atom no S 610 -like product can be found in the range from microseconds to seconds after illumination (Yan et al. 1993) . Most of SRI, in comparison to that of BR (Spudich, 1993) . The environmental changes responsible for the tight fit are recognizlikely, the barrier for a back reaction is demolished without the 13-methyl. The barrier is likely due to protein conformational able in the SRI model. More intimate contacts are provided directly by W171, as a result of mutations to nearby residues changes triggered by photon-induced 13ϭ14 isomerization and mediated by the 13-methyl, which are either more severe or outside the chromophore pocket. On top of the 13-methyl, the contact residue L84 is more confined in place, which is also stay 'frozen' longer due to the tight restraints, in comparison to the corresponding ones in BR. caused by such mutations. These two changes, particularly the latter, may account for the difficulty SRI has in binding the To summarize the discussion, we outline a possible landscape of the restraints around the chromophore, implied by the above 13-ethyl retinal. The ethyl group, which is~1.5 Å longer than the native methyl, may find a barrier in the immobilized L84.
comparative examination for the SRI model and the BR structure. Attractive interactions are provided by the pocket In contrast, BR has more room around the leucine and binds 13-ethyl retinal without difficulty. The idea that in BR the residues around the 13-methyl and at the end of the retinal near the β-ionone ring. The interactions at the ring end limit leucine is sufficiently loose is consistent with although not proved by the observation that the C 13 region of the the longitudinal movement of the retinal during isomerizations.
